INTRODUCTION
P olymerization shrinkage of dental composite may generate stresses within the material that can be transferred to the bonded tooth interface (Versluis et al., 2004a,b) and can negatively affect the mechanical and physical properties of the composite (Whittle et al., 2000; Toschi et al., 2003; Choi et al., 2004) . Inadequate adaptation to the cavity preparation, loss of marginal seal accompanied by leakage, post-operative sensitivity, secondary caries, and the production of internal defects such as microcracks-all have been suggested as possible effects attributable to contraction stresses (Davidson et al., 1984; Eick and Welch, 1986; Ferracane and Mitchem, 2003) . Surface residual stress has been shown to be important in ceramic restorative materials, because flaws or cracks may nucleate in service, resulting in sudden fractures at stresses well below the yield stress (Alkhiary et al., 2003; Taskonak et al., 2005) . The same may be applied to composites, which may also contain surface flaws from finishing or marginal debonding. Many studies have been performed to reduce or control the polymerization stress of dental composites (Kemp-Scholte and Davidson, 1990; Uno and Asmussen, 1991; Condon and Ferracane, 1998; Yoshikawa et al., 2001; Braga et al., 2003; Ferracane, 2005; Witzel et al., 2005) .
After polymerization, stresses remain "locked" in the composite, and are considered as residual stresses (Lu, 1996) . When external force is applied to the composite, the total force may surpass the limitations of the material itself, causing failure (Nairn, 2004) . Therefore, a study of the production and effect of residual stress in dental composites may be helpful in improving our understanding of their clinical performance.
Several techniques-such as direct strain gauge application, layer removal, and ring-slitting-have been used for the determination of residual stress in thick-walled (Seif et al., 1997) and thin-walled plastic pipes (Seif and Short, 2002) . Most recently, the ring-slitting technique was used for the measurement of the residual stress of dental composite (Park and Ferracane, 2005) . In this study, the residual stress produced in 3 different composites ranged between 0.5 and 2.9 MPa when the ring was cut within 1 hr or 24 hrs after being cured. Though this technique may not be directly correlated with the clinical situation, it was useful for the evaluation and comparison of residual stresses in different dental composites. While the technique was capable of discriminating the materials under certain conditions, the stress magnitudes may have been underestimated, due to relaxation events occurring between the curing and slitting times, since most of the contraction stress in dental composite is generated during the first few minutes after light-activation (Ilie et al., 2005) . Furthermore, the study was conducted on rings considered to be thick-walled (r/t = 5), rather than on the thin-walled type (r/t = 10) for which the technique was initially developed.
In this study, we aimed to improve the discriminating ability of the ringslitting method for measuring residual stresses in dental composite by using thin-walled rings, and by attempting to capture more of the generated stresses by comparing the results obtained by cutting the rings at 10 min, 1 hr, and 24 hrs after being cured.
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MATERIALS & METHODS

Materials
Two minifill-type hybrid composites, Z100 (3M ESPE, St. Paul, MN, USA) and Herculite (Kerr, Orange, CA, USA), and one microfill composite, Heliomolar (Ivoclar/Vivadent, Schaan, Liechtenstein), were evaluated. These composites were used in our previous study and have been shown to have different volumetric shrinkages and elastic moduli, and to produce various levels of contraction stress (Ferracane and Mitchem, 2003) .
Sample Preparation
We used a brass mold consisting of 2 concentric cylinders with a rectangular groove at one end of the inner cylinder to produce the ring-shaped specimens (inner diameter = 16.50 mm, outer diameter = 17.83 mm, height = 0.9 mm, radius/thickness, r/t = 12.9) ( Fig. 1) . The composites were packed into the mold, and excess material was removed. The composite was light-activated within the mold for 80 sec (Triad II, Dentsply, Milford, DE, USA), removed with a surgical blade, and cured for 40 sec more from both the top and bottom (total, 160 sec of light-curing) to maximize cure and also minimize the effect of polymerization shrinkage after ring-cutting. Though it is difficult to provide an exact irradiance for the curing unit, an estimate of 100-110 mW/cm 2 has been determined in a previous study in which the degrees of conversion for specimens cured in this unit were shown to be equivalent to those from specimens cured with a hand-held halogen light . Ten specimens were made for each material for each condition.
Two points were marked with a blade 3 (± 0.5) mm apart at the middle of the flat surface of the rings. The rings were stabilized between glass slides by means of double-sided adhesive tape while being slit with a low-speed diamond saw (0.5 mm thick; Isomet, Buehler, Lake Bluff, IL, USA) between the points. One group of rings was cut at 10 (± 1) min after final curing, one group was cut 1 (± 0.2) hr after final curing, and the last group was cut 24 (± 1) hrs after final curing.
Residual Stress Measurement
The magnified image of the 2 marked points was captured with a stereomicroscope (SMZ-10, Nikon, Tokyo, Japan) and digital camera (Coolpix 990, Nikon, Tokyo, Japan) before ring-cutting and 1 hr and 24 hrs after cutting. For the 10-minute and 24-hour cutting times, measurements were made at multiple time periods up to 24 hrs, for a better description of the time-dependence of the measurement. The change in distance between the points was measured with an image analyzer program (Scion Image Beta 4.02, Scion Co., Frederick, MA, USA). From the change of distance (average, 25-75 m), the circumferential ( ) residual stress was calculated by the following equations (Seif and Short, 2002) :
where a = inner radius of composite ring, b = outer radius of composite ring, r = radius measured at a point of the ring thickness, M r = residual moment, ␣ = change in angle between the 2 points, E = elastic modulus of the composite (from our previous study: Z100 = 15.1 GPa, Herculite = 10.4 GPa, Heliomolar = 5.4 GPa), ␦ o = distance between the 2 points before cutting, and ␦ f = distance between the 2 points after cutting.
We used Eq. (5) to calculate the average circumferential residual stress, ave :
in : residual stress when r = a out : residual stress when r = b
The other component of residual stress was not considered, because its value was minimal compared with the circumferential stress.
We analyzed the residual stress values with two-way ANOVA and Tukey's test (␣ < 0.05) for each measuring time, to compare the effects of cutting time and composite, and for each composite to compare the effects of measuring time and cutting time.
RESULTS
The residual stress measured at each time period for Z100 and Herculite was generally higher for the specimens cut 10 min after final light-curing compared with those cut after 24 hrs (Fig. 2) .
When the materials were compared at both measurement times, the residual stress for Z100 was higher than that for Herculite, which was higher than that for Heliomolar, except when the cut was made at 24 hrs, where there was no difference between Z100 and Herculite (Table) . When the cutting times were compared at both measurement times, the stress for Z100 was higher at 10 min than at 1 hr, and the stress at 1 hr was higher than that at 24 hrs. For Herculite, the stress at 10 min slitting. a = inner radius of composite ring, b = outer radius of composite ring, r = radius measured at a point of the ring thickness, t = thickness of the ring, P1 and P2 = reference point for measurement of distance change, ␣ o = angle between the 2 points before cutting, ␣ f = angle between the 2 points after cutting, ␦ o = distance between the 2 points before cutting, and ␦ f = distance between the 2 points after cutting. was greater than that at the one-hour cutting time for both measuring times. In addition, the stress at the one-hour cutting time was greater than that for the 24-hour cutting time, but only when measured at 24 hrs. There was no difference in stress levels for Heliomolar for any of the cutting times at either measurement time.
The results of the 24-hour measurement of the current thinwalled ring experiment are in good agreement with those of the previous thick-walled ring study (Fig. 3) .
DISCUSSION
Previously, we used the ring-slitting technique to measure the residual stresses of these same dental composites, but the specimens qualified as thick-walled (r/t = 5) rather than thinwalled rings (r/t = 10) (Park and Ferracane, 2005) . Thickwalled rings were easier to produce and less delicate. However, because the experimental technique was originally designed for thin-walled rings, the applicability of the data was brought into question. The comparison showed that approximately 60% higher residual stress was measured with the thin-walled composite ring, but that there was an excellent correlation between the two sets of data. This suggests that the results from the thick-walled ring were reasonable in terms of providing good relative comparisons of materials or conditions, but that the thin-walled ring is capable of measuring higher residual stresses and is probably the more valid and more discriminating testing mode.
The factors affecting the measured residual stress in this study were the type of composite, the time after light-activation when ring-slitting occurred, and the measurement time. Because post-cure polymerization continues after irradiation, the residual stress of the ring might be affected by both the measurement and cutting times. For example, in the 10-minute-cutting group, the residual stress differences between the one-hour and the 24-hour measurements were 1.35 (Z100), 1.48 (Herculite), and 0.45 (Heliomolar). In the 24-hour-cutting group, the differences were lower, i.e., 0.36 (Z100), 0.34 (Herculite), and 0.13 (Heliomolar), likely because the post-curing was almost finished. It was not possible to eliminate the post-curing effect with the technique used in this experiment. But it is desirable to capture the maximum residual stresses generated during the composite polymerization to better distinguish the materials, and this was obtained when the measurement time was extended to 24 hrs. It is possible that waiting even longer to measure would result in slightly higher calculated stresses.
The importance of the measuring time becomes clearer when one calculates the ratio of stress measured at 1 hr and compares it with that measured at 24 hrs (1 hr/24 hrs measurement). For Herculite and Heliomolar, the ratio increased from 0.62 at 10 minutes' cutting to 0.67 at 1 hr and to 0.83 at 24 hrs. Similar results were seen for Z100, but the ratios for the 10-minute, one-hour and 24-hour cutting times were * For each measurement time, residual stress means in the same row with the same letter superscript were not significantly different, and residual stress means in the same column with the same number superscript were not significantly different.
0.77, 0.76, and 0.84, respectively. Analysis of the data suggests that the continued polymerization of the composite after lightactivation leads to further deformation of the ring (Leung et al., 1983; Pilo and Cardash, 1992; Tarumi et al., 1999) . The ring deformation was restricted when the ring was whole, but was allowed to occur once the ring was cut. Therefore, higher residual stresses for each cutting time will be calculated if the measurement period is delayed to capture this change.
As shown in the previous study, the residual stress produced in Z100 was generally greater than that produced in Herculite, which in turn was greater than that produced in Heliomolar (Park and Ferracane, 2005) . This is likely due to differences in the curing rate and elastic moduli of these composites, both of which result from the differences in their filler and catalyst compositions.
Due to the continued polymerization shrinkage after lightactivation, the effect of cutting time would be expected to be very important in this experiment. Analysis of the data showed higher residual stresses for Z100 and Herculite when the rings were cut at 10 min after light-activation, as compared with 1 hr or 24 hrs. This can be explained by the release of the residual stress through relaxation phenomena, likely within the polymer matrix and perhaps at the filler/matrix interface.
The composition of the material should affect stress reduction (e.g., the stress reduction of Z100 and Herculite). For the 10-minute-and one-hour-cutting groups, Z100 showed higher stress than Herculite. However, the two did not have significantly different residual stresses at the 24-hour cutting. This may perhaps be explained by the molecular make-up of their respective matrices. While both composites are based on Bis-GMA and TEGDMA monomers, there is a higher concentration of the more flexible and less rigid TEGDMA monomer in Z100. This may result in the higher initial contraction and residual stress, but ultimately produces a polymer network with greater capacity for relaxing stresses (Feilzer and Dauvillier, 2003) . Another factor may be the shape of the filler and the filler/matrix interfacial adhesion. The filler shape of Herculite is irregular, and that of Z100 is mostly spherical (Kim et al., 2002) . In general, bonding of the resin matrix to irregular fillers is expected to be better than that to spherical fillers, due to the greater surface area. Perhaps there is stronger filler/matrix bonding for Herculite due to the irregularly shaped fillers, which make it more difficult to release the residual stress between the filler and matrix.
In Heliomolar, the effect of cutting time was not significant. The residual stress of Heliomolar was 15-20% of Z100 for the 10-minute cutting time. Heliomolar is not based on Bis-GMA, and actually undergoes less stress-relieving than either Z100 or Herculite, possibly due to enhanced matrix rigidity. Heliomolar also incorporates pre-polymerized resin filler (PPRF) particles into its matrix. The difference between the thermal expansion coefficients of the filler and the matrix is another factor that can exert an effect on the residual stress of composites (Lee et al., 2000) . During polymerization, heat from the curing unit and the polymerization reaction will increase the temperature of the material. As the material cools after being cured, residual stresses will be generated between the filler and matrix. It is possible that the bond between the resin matrix and the PPRF makes the material less likely to relax residual stresses compared with a composite containing individual glass fillers. It is also possible that Heliomolar may actually develop less residual stress during polymerization, because of its comparatively lower filler content and slower polymerization reaction, which allow it to relieve more stresses during their generation.
In summary, this experiment showed that ring-slitting is a useful means for measuring residual stress in dental composites. Because residual stress measurements are timedependent, early ring-slitting allows less time for stress relaxation and better captures all of the initial residual stress produced in the constrained composite during curing. The thin ring is a more valid test vehicle than the thick ring, and results in higher residual stress values, but the results for the 2 specimen sizes correlate well. Finally, the measurement of the residual stress at 24 hrs allows for near-total polymerization shrinkage and results in the maximum discriminating ability for materials when coupled with early ring-slitting (i.e., 10 min).
